In brain and nerves the phosphorylation of glucose, rather than its transport, is generally considered the major rate-limiting step in metabolism. Since little is known regarding the kinetic coupling between these pro cesses in neuronal tissues, we investigated the transport and phosphorylation of [2-3H)glucose in two neuronal cell models: a stable neuroblastoma cell line (NCB20), and a primary culture of isolated rat dorsal root ganglia cells. When transport and phosphorylation were measured in series, phosphorylation was the limiting step. because in tracellular glucose concentrations were the same as those outside of cells, and because the apparent Km for glucose utilization was lower than expected for the transport step. However, the apparent Km was still severalfold higher than the Km of hexokinase I. When [2-3H)glucose efflux and phosphorylation were measured from the same intra-Abbreviations used: DRG, dorsal root ganglia; HAT, hypo xanthine/aminopterin/thymidine; HBS, HEPES-buffered bal anced salt solution.
A constant supply of glucose is required for nor mal functioning of central nervous system tissue (Lund-Andersen, 1979) . In order to reach this tis sue, glucose must first be transported from plasma across the vascular endothelial cells that form the blood-brain barrier. This occurs by facilitated dif fusion down a concentration gradient and is medi ated by the GLUTl transporter isoform (Rydzewski et aI. , 1991; Pelligrino et aI. , 1992) . In rat brain the gradient is relatively steep because the extracellular glucose concentration in the brain interstitium is substantially lower than the glucose concentration in plasma. Measurements using 13e NMR (Mason et cellular glucose pool in a parallel assay, rates of glucose efflux were three-to-fivefold greater than rates of phos phorylation. With the parallel assay, we observed that activation of glucose utilization by the sodium channel blocker veratridine caused a selective increase in glucose phosphorylation and was without effect on glucose trans port. In contrast to results with glucose, both cell types accumulated 2-deoxY-D-[1 4 C)glucose to concentrations severalfold greater than extracellular concentrations. We conclude from these studies' that glucose utilization in neuronal cells is phosphorylation-limited, and that the coupling between transport and phosphorylation depends on the type of hexose used. Key Words: Transport metabolism coupling-Intracellular glucose concentra tion-Hexokinase I-Rate-limiting step--Veratridine GLUT 3. aI. , 1992) and calculations based on measured rates of glucose transport across the blood-brain barrier, coupled with glucose utilization rates in brain pa renchyma, suggest a concentration of 2-4 mM in brain tissue (Lund-Andersen, 1979; Fellows et aI. , 1992) , which is less than half that found in rat plasma. Recent direct measurements using the tech nique of microdialysis quantitated the extracellular glucose concentration in unrestrained rats to be about 0.5 mM (Fellows et aI. , 1992) . A gradient from plasma to the interstitium in excess of lO-fold seems implausible, except perhaps in regions char acterized by high rates of utilization. Nonetheless, it is apparent that neurons must be able to effi ciently take up glucose to provide for metabolic de mands.
Glucose transport across the plasma membrane of neurons also occurs by facilitated diffusion and is quite rapid (Walum and Edstrom, 1976; Lange et aI. , 1982; Heidenreich et aI. , 1989) . In most neurons this transport is mediated by the high affinity GLUT3 isoform (Nagamatsu et aI. , 1992; Maher et aI., 1992; Gerhart et aI., 1992; Mantych et aI., 1992; Shepherd et aI., 1992; Haber et aI., 1993) . Measure ments of glucose (Lund-Andersen, 1979; Mason et aI., 1992) and 2-deoxyglucose Kato, 1992, 1993; Furler et aI., 1991) uptake in brain, and autoradiography using 2-deoxyglucose (Ho et aI., 1993) have shown that steady-state trans port rates are severalfold greater than rates of phos phorylation, leading to the conclusion that the latter is the rate-limiting step for overall glucose utiliza tion in many types of brain cells. Faster rates of transport than phosphorylation also imply equili bration of extra-and intracellular glucose concen trations, although such measurements have seldom been made in neurons. Additionally, the relation ship between rates of transport and phosphoryla tion may change over a range of intra-or extracel lular glucose concentrations. For example, at very low extracellular glucose concentrations, net trans port may decrease to the point that it begins to limit the overall rate of glucose metabolism. This situa tion may well occur during states of hypoglycemia, particularly if glucose transport across the blood brain barrier has been down-regulated by chronic hyperglycemia (Matthaei et aI., 1986; Pardridge et al., 1990) . In order to understand how neurons might respond to localized or generalized changes in interstitial glucose concentrations, the coupling between glucose uptake and metabolism in such cells must be studied over a range of extracellular glucose concentrations.
We have measured the uptake and metabolism of [2-3 H]glucose in a direct analysis of glucose trans port coupled with phosphorylation in intact cells (Whitesell et aI., 1989 (Whitesell et aI., , 1990 (Whitesell et aI., , 1991 . In this assay, [2-3 H] glucose is transported into cells and phos phorylated by hexokinase, and the resulting glucose 6-phosphate is converted to fructose 6-phosphate by phosphoglucose isomerase. Cycling between glucose 6-phosphate and fructose 6-phosphate re leases 3 H20 during the isomerization step (Katz and Dunn, 1967) . The latter rapidly escapes cells and is easily separated from unreacted glucose and other metabolites in the medium by chromatographic methods. In the present study we use these and other methods to define the interaction between glucose transport and phosphorylation and subse quent metabolism in two neuronal cell models.
MATERIALS AND METHODS
Cell culture and preparation NCB20 cells, a cultured rat neuroblastoma cell line (Minna et aI., 1975) , were cultured in Dulbecco's mini mum essential medium containing, as final concentra tions, 25 mM D-glucose (Difco), 10% fetal bovine serum, and I % supplement mixture of 10 mM hypoxanthine, 40 fl.M aminopterin, and 1. 6 mM thymidine (HAT; Gibco). An antibiotic-antimycotic solution (Gibco), which pro vided final concentrations of 100 u/ml penicillin, 100 fl.g/ ml streptomycin, and 0. 25 fl.g/ml amphotericin B, was also included in the medium. Each well of a 24-well dish (2 cm 2 at the base) contained about 5 x 105 cells at con fluence. These consisted of flattened cell bodies and two or three narrow axons per cell. Immediately before as says the wells were rinsed twice with HEPES-buffered balanced salt solution (HBS), which consisted of 0. 3 mM glucose, 10 mM HEPES, 128 mM NaCl, 5. 2 mM KCl, 1. 4 mM CaCI2, I mM Na2HP0 4 , and 1. 4 mM MgS0 4 , pH 7. 5. After various preincubation times, labeled and unlabeled glucose were added, to the indicated final concentration, to initiate the transport assay. Most transport assays were performed with the cells attached to the culture plates. In some experiments the cells were resuspended by treating them with 0. 05% trypsin 0. 53 mM EDT A (Gibco).
Cells from rat dorsal root ganglia (DRG) were prepared by a modification of a published method (Nishimura et aI. , 1993) . One rat (175-250 g, Sprague-Dawley) was anesthetized with intravenous' phenobarbital (30 mg/kg) and killed by decapitation. The thoracic vertebrae were excised, the portion containing the dorsal root ganglia was split, and the ganglia were removed and separated from the nerve. The ganglia were cut into small pieces, and individual cells were isolated by collagenase diges tion. The digestion mixture consisted of 5 ml of oxygen ated HBS containing \00 fl.mol glucose, 4 mg trypsin, (Type III; Sigma), 3 mg collagenase (Type IA; Sigma), and 0. 5 mg DNase, (Type IV; Sigma). The digestion was carried out for 20 min at 37°C, with vigorous shaking every 5 min to disrupt the ganglia. The digestion was terminated by the addition of 5 mg of soybean trypsin inhibitor (Type II-s; Sigma). The cells were pelleted by centrifugation at 400 g for 5 min and resuspended in fresh HBS containing 20 mM glucose. The centrifugation wash was repeated once, and the cells were resuspended in 2 ml of the glucose-containing HBS. Aliquots of 0.5 ml were transferred to the wells of a 48-well culture plate. Attachment to the plate was achieved within 30 min, after which the cellular debris and unattached cells were re moved by gentle rinsing with four 0. 25 ml aliquots of HBS containing 20 mM glucose. Approximately I x 105 cells remained attached in each well.
Assay of glucose uptake and efflux
Prior to assay of glucose influx or efflux, plated NCB20 or DRG cells were routinely preincubated in 300 fl.l of HBS containing 0. 3 mM glucose, for 20 min. The uptake assay was initiated by rapid aspiration of the preincuba tion medium and the addition of 300 fl.l of HBS containing the appropriate radiolabeled hexoses. Uptake was con tinued for various times, and just before termination a 250 fl.l aliquot of medium was removed and fixed in 500 fl.l of isopropanol for later analysis of [2-3Hjglucose, 3H20, and other tritiated metabolites. Uptake was stopped by quick addition and aspiration of separate 250 fl.l aliquots of ice cold medium a total of five times over 15 s or less. The cells were then fixed and extracted in 750 fl.l of 70% iso propanol for later measurement of intracellular glucose and other products.
For efflux studies, cells in a culture plate well were incubated for 20 min at 37°C with 250 fl.l of HBS contain ing the indicated concentrations of radioactive sugars.
Studies confirmed that steady-state rates of glucose utili zation and intracellular metabolite concentrations in NCB20 cells were achieved during this time period (not shown). Just before the efflux assay, the medium bathing the cells was rapidly aspirated, and replaced with 250 I-li of glucose-free HBS at 37°C. This washing step was re peated four times over 15 s. Following the last removal of HBS, the efflux assay was initiated by the addition of 250 I-li of glucose-free HBS at 37°C. At timed intervals the same volume was removed and again replaced with 250 I-li of glucose-free HBS. The aliquot removed was added to 500 I-li of isopropanol and portions therefrom were as sayed as described below for unreacted f2-3Hlglucose and tritiated metabolites that had been released from cells. All radioactivity was measured in a Packard CA2000 liquid scintillation spectrophotometer with windows set for sin gle-or dual-label counting, as required.
The effectiveness of the initial series of rinses in re moving extracellular sugar prior to measurement of efflux was assessed as follows: Cells were incubated as de scribed above with a mixture of 3H20 and [1 4 Clsucrose. The 3H20 provided an estimate of intracellular water space, whereas the sucrose allowed measurement ()f the retained extracellular medium. The five rapid rinses re moved essentially all of the extracellular sucrose as well as both intra-and extracellular 3H20 (data not shown).
Measurement of the cellular distribution spaces for glucose and its products
The intracellular space potentially accessible to glucose was measured either as the distribution volume within cells of the non metabolizable glucose analog 3-0methylglucose, or as the 3H20 space. Two approaches were taken to measure the 3-0-methylglucose space. In the first method cells were incubated for 1 h with radio labeled 3-0-methylglucose, rapidly rinsed five times with 250 I-li of ice-cold HBS, and lysed in 750 I-li of 70% iso propanol. Experiments confirmed that 1 h was adequate for 3-0-methylglucose equilibration, and that there was less than 15% loss of intracellular 3-0-methylglucose with the cold rinses (not shown). The distribution space for 3-0-methylglucose was calculated as the radioactivity in the total cellular lysate divided by that in 1 I-li of medium. This quantity averaged 0. 5 I-li in a well of NCB20 cells (5 x 105 cells at confluence), and 0.1-0.25 I-li in a well of DRG cells (l x 105 cells).
The second method for estimating 3-0-methylglucose space did not require cell lysis. Cells equilibrated with the hexose were rinsed with warm HBS according to the pro cedure noted above for starting the efflux assay, and 3-0methylglucose was allowed to efflux into glucose-free HBS for various times. The distribution space in a single well of cells was computed by extrapolation of the mono exponential loss of 3-0-methylglucose back to the time of the first rinse. Both cell types yielded values for intracel lular water in agreement with those determined by the first method (NCB20 cells: 0. 59 ± 0.03 I-li/well; DRG cells: 0.1 I-li ± 0.Ql5 I-lUwell).
In the method employed to directly measure water space in NCB20 cells, the cells were first released from a 100 mm culture dish by trypsin treatment. These rounded cells were resuspended to a concentration of 106 cellslml in HBS at 37°C. A 100 I-li aliquot of cells was added to 100 I-li of HBS containing 0. D-glucose, and 0. 3 I-lCi of 3H20. Following incubation for 20 minutes, the mixture was transferred to a 400 I-li mi crofuge tube containing 100 I-li of silicone oil (d = 1.02 glml) on ice, and centrifuged for 5 s in a Beckman mi crofuge (Model B) at 4°C. Within 10 s after the centrifu gation was stopped, the tip of the microfuge tube was excised and added to 600 I-li of 70% isopropanol to extract radioactivity from the cell pellet. The medium above the oil was also fixed, in 400 I-li of 100% isopropanol. The L-[3Hlglucose and 3H20 were separated on borate col umns as described below. In three separate experiments the net intracellular 3H20 space was 1. 2 ± 0.17 I-ll/106 cells following correction for L-glucose space (0.44 ± 0. 13 I-ll/l06 cells).
Determination of glucose metabolites released from cells
Both 3H20 and tritiated anions produced from [2-3Hlglucose were quantitatively recovered from the me dium samples by an adaptation of a previous procedure (Whitesell et aI. , 1991) . Briefly, 300 I-li of isopropanol fixed medium was applied to a column of Dowex AG 1-X8 resin (0. 2 ml bed volume, 200-400 mesh; Bio-Rad). Prior to Use the resin was converted to the borate form by equilibrating it with 0. 3 M boric acid, followed by exten sive washing with deionized water. The sample was eluted from the column with two successive 0. 7 ml ali quots of water. The total eluant (containing 3H20) was collected in a 7 ml scintillation vial, to which 4.5 ml scin tillation fluid was added for radioactive counting.
For recovery of anionic metabolites, a 50 I-li aliquot of ispropanol-fixed medium was applied to a small column (0. 2 ml) of DEAE-Sephadex (Pharmacia) in the acetate form. The column was rinsed with two successive 5 ml volumes of water to elute [2-3Hlglucose and 3H20. An ionic metabolites were recovered following elution with 1. 6 ml of 1 N HCI. Glucose conversion to the respective products was calculated as the ratio of radioactive prod uct to the total radioactivity recovered in the sample mul tiplied by nmols of glucose originally present in the incu bation medium. Lactate and pyruvate in the anionic frac tion were specifically identified by using the enzymatic methods described below.
Identification of [ 3 H]lactate and [ 3 H]pyruvate
Measurement of f3Hlpyruvate and [3Hllactate derived from [2-3Hlglucose was carried out by modification of a previously described method (Manuel y Keenoy et aI., 1992). A 50 I-li aliquot of isopropanol-treated incubation medium was dried under nitrogen and resuspended in 300 I-li of assay buffer consisting of 100 mM glycine, 5 mM NAD+, and 16 mM L-glutamate, pH 9.7. Glutamate pyruvate transaminase (from pig heart; Boehringer Mann heim) was added to a final concentration of 5 U/ml. An aliquot (150 I-lI) of this mixture was incubated for 60 min at 22°C, and the reaction was stopped with the addition of 300 I-li isopropanol. A 200 I-li aliquot of this sample was passed over a borate column and tritiated water was iso lated as noted above. This represented water derived from tritiated pyruvate in the lysate. For measurement of radiolabeled lactate, lactic acid dehydrogenase (type II; Sigma) was added to the remaining 200 I-li of sample in assay buffer to a final concentration of 40 U/ml, and the resulting tritiated water was again isolated in a separate assay. Blank corrections in the absence of enzyme were less than 10% of a standard sample. Essentially all of the tritiated anions released from either cell type consisted of lactate and pyruvate (not shown).
Measurement of intracellular D glucose and retained metabolites
The amounts of D-glucose and 2-deoxyglucose in cell Iysates were quantified by enzymatic methods. The assay buffer contained 20 mM MgCI2, 6 mM ATP, and 50 mM Tris-HCI, pH 7.3. A 100 fLl aliquot of the isopropanol fixed sample was dried under nitrogen and resuspended in 500 fLl of the assay buffer. The sample was divided into two 200 fLl aliquots, and 0.6 u yeast hexokinase (Type III; Sigma) was added to one. Both samples were incubated for 20 min at 22°C and passed over DEAE-Sephadex col umns as described above to separate radiolabeled charged metabolites (primarily phosphorylated glucose) from uncharged radiolabeled metabolites. Nonanionic material was eluted with three successive additions of 0.5 ml water, and the eluant was collected in a scintillation vial. The amount of radiolabeled glucose or 2-deoxyglu cose in the original lysate was calculated as the difference between the radioactivity eluted in the untreated and in the hexokinase-treated samples, following correction for dilution. Standards of [2-3H]glucose, [U-1 4 C]glucose, and 2-deoxy-[' 4 C]glucose added to control samples were quantitatively eluted when hexokinase was absent and quantitatively phosphorylated and retained on the column when hexokinase was present (not shown). A portion of radiolabel in the cell Iysates in the nonanionic fraction failed to react with hexokinase, and was termed "nonan ionic metabolite." This material averaged 10-30% of glu cose recovered and was not further identified.
Identification of glucose transporters
Total cellular membranes were prepared from cells scraped from one or more culture wells or from 1 0 cm plates, as previously described (Whitesell et aI., 1991) . These membranes were dissolved in an equal volume of SDS-sample buffer containing 125 mM Tris-HCI, 20% glycerol (v/v), 4% sodium lauryl sulfate, 10% �-mercap toethanol (v/v), and 0.0025% bromphenol blue (w/v), pH 6.8. The samples were incubated at 37°C for 5 min and microfuged for 10 s, and the supernatant was subjected to SDS-polyacrylamide gel electrophoresis according to the method of Laemmli (Laemmli, 1970) . Electrophoresis was performed using a 4% acrylamide stacking gel and a 10 x 6 x 0.075 cm running gel of 10% acrylamide. Pre stained molecular weight markers (Rainbow standards; Amersham) were run in lanes adjacent to the samples. Following electrophoresis, the proteins were electro transferred for 18 min at 24 volts to poly(vinylidene)di fluoride microporous membrane (lmmobilon; Millipore) with a Bio-Rad Semi-Dry apparatus. The transport pro teins were detected on the membranes by the following chemiluminescence detection method. The membranes were rewetted in methanol, and nonspecific binding was prevented by incubation for 1 h in 5% nonfat dry milk in a buffer composed of 10 mM phosphate, 150 mM NaCI, 0.05% Tween-20 (v/v), pH 7.4 (PBS-T). The membrane was washed twice by gentle shaking in 30 ml PBS-T for 5-min, then incubated for 1 h at room temperature with the primary antibody, added in PBS-T containing 10 mg! ml bovine serum albumin. The antibodies used were as follows: GLUTl monoclonal antibody 7F7.5 at a 1:20 di lution of tissue culture supernatant (Tai and Carter-Su, 1988 ), a gift from Dr. Christin Carter-Su, and GLUT3 poly clonal antibody ALM -3C at a 1: 5 ,000 dilution (Van Bueren et aI., 1993) . Following incubation with the pri mary antibody, the membrane was washed once with 30 ml PBS-T for 15 min, then four additional times for 5 min each. The primary antibodies were detected with horse radish peroxidase conjugated to either a goat anti-mouse antibody (1: 1 ,000 dilution in PBS-T with 10 mg!ml bovine serum albumin) for 7F7.5, or with horseradish peroxidase coupled to Protein A (l: 10,000 dilution in PBS-T with 10 mg/ml bovine serum albumin) for the poly clonal anti body. The "second" antibodies were incubated with the membrane for 1 h with shaking, and washed as described for the primary antibody. The chemiluminescence re agent (Renaissance, Dupont; New England Nuclear) was prepared and used according to the manufacturer's in structions. The moist membrane was covered in clear plastic and exposed to Kodak XRP-5 film for 10-40 s before being developed.
Data analysis
Curve fitting was carried out using the regression func tions in FigPerfect or Axum graphics programs. Data, including intercepts and slopes from curve fitting, are ex pressed ±Standard Deviation.
RESULTS
We first determined the types of glucose trans porters present in NCB20 an� DRG cells, using Western blotting. Most of the glucose transport in both cell types is mediated via the GLUTl trans porter, as shown in the immunoblots of Fig. 1 . Vi sual inspection of the short-term DRG cell cultures failed to show a significant number of endothelial like cells, so it is unlikely that such contamination contributed to the observed GLUTl signal in these GLUT1 GLUT3
Immunodetection of glucose transporter isoforms in NCB20 and dorsal root ganglia (ORG) cells. Cells in wells or culture plates were washed several times in albumin-free HBS before removal and preparation of a crude membrane fraction. Gel electrophoresis was performed with 50 fL9 of protein per lane. The migration of stained proteins was com pared to molecular weight Rainbow standards run in adja cent lanes. In the left-hand panel the membrane was immu noblotted with a monoclonal antibody 7F7.5, whereas in the right-hand panel a polyclonal GLUT3 antiserum was used (Van Bueren et aI., 1993) .
cells. GLUT3 was present in the NCB20 cells, and probably also in the DRG cells, although the posi tively staining band migrated with an apparent mo lecular weight of 65,000. In another gel a band of 45,000 was observed in addition to that at 65,000, but it was too faint for reproduction.
Glucose transport and phosphorylation are usu ally evaluated in series by measuring overall rates of glucose utilization. In the neuronal cell line NCB20, steady-state uptake and metabolism of glu cose, in series, was linear with time for over an hour (Fig. 2) . The rate of 3H20 release was 1.35 ± 0.19 nmol min -1 (ILl intracellular space) -1 and that of tritiated anion production was 1.56 ± 0.43 nmol min -1 (ILl intracellular space)-1. (Katz and Dunn, 1967) . Therefore, in both NCB20 and DRG cells it is necessary to measure 3H20 and [3H]lac tate/pyruvate to obtain an accurate estimate of the total rate of glucose phosphorylation. On the other hand, the relative amounts of 3H20 and tritiated anionic metabolites released were similar in every experiment; therefore, 3H20 production can be used as a relative mea�ure of phosphorylation activity.
To define more closely the extent to which glu cose transport limits overall glucose metabolism when these processes are measured in series, it is necessary to determine the steady-state intracellu lar glucose concentration. If transport is not rate limiting, the intracellular glucose concentration should approach that in the extracellular medium.
The glucose space in NCB20 cells was determined over a range of extracellular U-e4C]glucose con centrations, as shown in the experiment illustrated 0.08 nmol min -1 (f.LI cell water) -1 was included in the analysis. Five experiments yielded apparent Km values of 0.2 to 0.5 mM. A Km value below 1 mM suggests that overall glucose utilization is limited by phosphorylation rather than transport in NCB20 cells.
FIG. 4. The concentration-dependence of glu cose phosphorylation relative to extracellular glucose in NCB20 cells. NCB20 cells were incu bated with the indicated extracellular concen trations of [2-3Hjglucose for 20 min at 37°C, fol lowing which media and cell Iysates were ana lyzed for total tritium-containing products including water, nonanionic metabolites, and anionic products of glucose metabolism, as de scribed in Materials and Methods. This steady state phosphorylation rate was expressed rela tive to cell water space determined as described in Materials and Methods. The data shown are from a representative experiment of four per formed. A comparison of the rates of transport and phos phorylation derived from the same intracellular glu cose pool was also used to define the rate-limiting step. We have developed an assay, based on the use of [2-3H]glucose, in which efflux and phosphoryla tion of intracellular glucose are measured in parallel following attainment of steady-state rates of glucose utilization. As depicted in Fig. 5 , this method pro vides a direct and simultaneous comparison of glu cose transport and metabolism, with the assump tion that both activities use the same intracellular glucose pool. Representative experiments employ ing NCB20 and DRG cells are illustrated in Fig. 6A and B, respectively. In these experiments cells were preincubated long enough to achieve steady state rates of glucose metabolism (not shown), then washed to remove extracellular glucose and al lowed to efflux (see Materials and Methods). Esti mates of initial rates of [2-3H]glucose efflux and phosphorylation were derived from the time course data. A coupled reaction model, taking into account the simultaneous depletion of substrate by transport and metabolism, was used and fitted by global anal ysis (Whitesell et aI., 1993) . In NCB20 cells the ini tial rate of glucose phosphorylation was 0.40 nmol min -1 (f.LI intracellular water) -I, whereas that of transport was about five-fold greater, or 2 nmol min -I (f.LI intracellular water) -I (Fig. 6A) . The ini tial rate of glucose phosphorylation in this experi ment is similar to the steady-state rate determined in the experiment shown in Fig. 2 , when the differ ent extracellular glucose concentrations are consid ered (0.3 mM compared to 1 mM). Rates of glucose phosphorylation as a function of the intracellular water space were lower in the DRG cells than in the NCB20 cells, even at a medium glucose concentra- tion of 1 mM. In DRG cells (Fig. 6B ) the rate of glucose efflux (0.1 nmol min -1 (,..d intracellular wa ter) -I) was also much greater than that of phos phorylation (0.04 nmol min -1 (j-Ll intracellular wa ter) -I ) . In both cell types, even at relatively low extracellular glucose concentrations, intracellular glucose is much more likely to leave the cell than become phosphorylated.
The results presented thus far strongly suggest that phosphorylation determines overall rates of glucose utilization in both cell types studied. We tested the response of DRG cells to veratridine to determine whether phosphorylation might also be regulated independently of transport. Veratridine increases intracellular glucose metabolism in neu rons by activating voltage-sensitive sodium chan nels, although the site of activation is unknown (Tamkun and Fambrough, 1986; Fellows et aI., 1992) . DRG cells in which steady-state metabolism of 1 mM D-glucose had been achieved were sub jected to the parallel efflux assay, as shown in Fig Seconds 150 7. At 4.5 minutes into the incubation veratridine was added, and the efflux of [2-3 H]glucose and re lease of 3 H20 and tritiated anions were followed for another five minutes. It is evident from Fig. 7 that the rate of phosphorylation increased coincident with the addition of veratridine. The continuity of the fitted line through the data shows that the rate of glucose efflux was unaffected (Fig. 7, inset) . If ve ratridine were to have an effect on transport of glu cose equivalent to its effect on its phosphorylation, the efflux curve would have shown a similar deflec tion. Given the rate-limiting nature of the phosphor ylation step, an increase such as that observed fol lowing addition of veratridine would have been ev ident as a net increase in overall glucose utilization in the series assay of glucose transport and phos phorylation. However, in that assay alone, it is not possible to say whether the effect is due to en hanced transporLor phosphorylation. Use of this parallel assay thus provides a sensitive measure of differential effects of an agent on phosphorylation and transport. We evaluated the transport and phosphorylation of 2-deoxyglucose by the cultured neuronal cells, because this analog is frequently used to measure in vitro and in vivo brain glucose metabolism. Al though 2-deoxyglucose is transported and phos phorylated like glucose, it is not further metabo lized. Additionally, its phosphorylation product, 2-deoxyglucose 6-phosphate, does not inhibit hexo kinase activity (Wick et aI., 1957) . We first studied 2-deoxyglucose transport and phosphorylation in NCB20 cells using the series assay, as shown in Fig.  8A . The intracellular distribution volume of 2-de oxyglucose was estimated as that of tracer 3-0-eHlmethylglucose. Within 30 s of transport initia- Minutes of Efflux
Minutes of Efflux methylglucose; the cells were then rinsed, and the release of each sugar and of 3H20 was followed with time. At 4. 5 min, veratridine was added to a final concentration of 0. 1 mM, and the assay continued for an additional 5 min. Results are shown as a portion of the curve for release of 3H20. This line was fit with a slope of 0. 15 ± 0.07 pmol (fLl cells) � 1 min -1 for the two min prior to addition of veratridine, and 0.39 ± 0.087 pmol (fLl cells) -1 min-1 after its addition (p < 0.05 when fit as independent lines (Jones and Molitoris, 1984) . In the inset is shown the efflux of [2-3H]glucose. The latter data was fit with a bi-exponential equation, which showed the fast efflux component to be 52% of the total, with a rate constant of 0.56 ± 0.22 min -1, and the slow component to be 48% of the total efflux, with a rate constant of 0.06 ± 0.04 min-1.
tion, 3-0-methylglucose had equilibrated in a space of about 1 I-Ll per 10 6 cells. On the other hand, at an extracellular concentration of 10 I-LM, intracellular free 2-deoxy-e 4 C]glucose rapidly accumulated to greater than 10 times the 3-0-methylglucose space over 15 min. The identity of the free sugar was con firmed by the ability of hexokinase to phosphory late it in vitro. The appearance of intracellular 2-de oxyglucose 6-phosphate was slower than that of the free sugar (Fig. 8A) . Intracellular accumulation of both the free and phosphorylated sugars was linear from 5 to 90 minutes, and reached intracellular con centrations 45-fold and threefold that of 3-0methylglucose by 90 min, respectively (not shown).
To determine the range of extracellular substrate over which such a concentrative effect of 2-deoxy glucose is observed, we incubated NCB20 cells with increasing amounts of labeled and unlabeled 2-deoxyglucose and determined the intracellular concentrations of free and phosphorylated 2-de oxyglucose at 30 min (Fig. 8B) , The dotted line in Fig. 8B represents the expected results with equil ibration of the intracellular and extracellular 2-deoxyglucose concentrations. It is apparent that intracellular 2-deoxyglucose accumulated against a concentration gradient over the range of external 2-deoxyglucose concentrations, although the con centrative effect diminished with increases in extra cellular 2-deoxyglucose (Fig. 8B) . In each incuba tion 2 mM pyruvate was included as an energy source, because glucose was omitted from the in cubation mixture. These results confirm the time course results of Fig. 8A that were performed in the presence of 1 mM D-glucose. Saturable accumula- tion of phosphorylated 2-deoxyglucose also oc curred, with an apparent Km of 0.4 ± 0.022 mM. Intracellular 2-deoxyglucose accumulation also ap peared to have a significant nonsaturable component. We also measured the intracellular 2-deoxyglu cose concentration in DRG cells to determine whether the concentrative effect was present in an other neuronal cell type. A different assay of intra cellular hexose accumulation was utilized, in which the intracellular hexose concentration was derived by extrapolating back from the hexose concentra tion present at the beginning of the parallel assay. The loss of glucose, 3-0-methylglucose, and 2-deoxyglucose from DRG cells with time was fol lowed, and is shown in Fig. 9 . The data was fit best using a bi-exponential nonlinear regression model, indicated by the curved lines joining the data points in Fig. 9 . Experiments showed that trapped extra cellular buffer was completely removed by prelim inary washes, so the two phases of efflux both rep resent efflux from cells. The original intracellular glucose and 2-deoxyglucose concentrations at the time the efflux assay was started were determined by extrapolation of the fitted line to zero time. The intracellular glucose concentration and standard de viation from the calculated y-intercept of Fig. 9 was 0.2 ± 0.08 mM (vs. an extracellular concentration of 0.2 mM), whereas the intracellular 2-deoxyglu cose concentration was 30 ± 5.7 j.LM (vs. an extra cellular concentration of 10 j.LM). This type of assay also shows that 2-deoxyglucose accumulates against a concentration gradient in DRG cells.
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DISCUSSION
We studied the coupling between the transport and phosphorylation of the natural substrate D-glu cose over a range of extracellular glucose concen trations in isolated neuronal cells in culture. Two cell models were used: a cultured rat neuroblastoma cell line, NCB20 (Minna et ai., 1975) , and primary 0.5 :i. . The cells were rinsed 5 times with glucose-free buffer, and the efflux assay was ini tiated as described in Materials and Methods. Efflux of each sugar occurred in two phases and was best fit as the sum of two exponential decays. The original hexose spaces were determined by regression and are given in the text.
cultures of DRG cells. Both of these cell types ex pressed the GLUTl glucose transporter (Fig. 1) . The NCB20 cells also clearly expressed GLUT3. The DRG cell membranes, although prepared under the same conditions, showed a prominent immuno reactive band of Mr = 65, 000 and a faint band at 45,000 on electrophoresis. The apparent molecular weight of the Mr = 65,000 band is higher than ex pected for a glucose transporter. However, it could reflect heterogeneous glycosylation, as observed for GLUTI in the same membranes, or, less likely, it could represent aggregation of GLUT3 and some other protein. In contrast to the dual glucose trans porter distribution found in NCB20 and DRG cells, central neurons express GLUT3 but not GLUTl (Gerhart et a!., 1992) ; they may not be entirely rep resented by our cell models. Use of [2-3H]glucose in these studies allowed us to directly compare rates of transport and phos phorylation of the natural substrate in intact neuro nal cells. However, the use of D-glucose made it necessary to measure the intracellular concentra tion of labeled glucose and of its tritiated metabo lites. Virtually all the metabolic products of [2-3H]glucose in the neuronal cells consisted of tri tiated water, pyruvate, and lactate. This suggests that anaerobic glycolysis predominates in these cells, a conclusion in accord with the results of other studies of brain and neuronal tissue (Par dridge, 1983; Fellows et a!., 1993) . Despite the pre dominance of glycolysis in these cells, it was not possible to use the appearance of 3H20 in the me dium as a measure of the total phosphorylation rate, because up to 50% of the tritium was retained in downstream metabolites rather than in 3H20 (Fig.  2. ). Malaisse and coworkers have pointed out this caveat in studies with several tissues (Malaisse et a!., 1988; Liemans et a!., 1989 ; Manuel y Keenoy et a!., 1992) . Retained tritium in downstream products may be due to inadequate phosphoglucose isomer ase activity, to isotope discrimination against tri tium in the phosphoglucose isomerase step, or to shunting of glucose carbon around the phosphoglu cose isomerase step in the pentose cycle. We have also observed retention of tritium (10-3 0%) in me tabolites from [2-3H]glucose in the BFC-l brown fat cell line (Whitesell RR and Abumrad NA, un published results) . In contrast, no persistence of tri tiated products was noted in liver (Malaisse et a!., 1988) , frog oocytes (Whitesell et a!., 1993) , or a cul tured pancreatic beta cell line (I3TC) (Whitesell et a!., 1991) . Whereas release of 3H20 from [2-3H]glu cose reflects the activity of the phosphorylation step (Katz and Dunn, 1967 ; Liemans et a!., 1989 ;  Manuel y Keenoy et a!., 1992), it does not neces-sarily correspond to the total rate of glucose utili zation.
In this work several approaches were used to evaluate the coupling between transport and metab olism of glucose. The first involved measurements of the intracellular glucose distribution space (con centration) at steady-state glucose metabolism. If phosphorylation is the rate-limiting step, the intra cellular glucose concentration should approximate that found in the extracellular space. In both NCB20 (Fig. 3) and DRG cells, the intracellular glu cose was nearly equilibrated with extracellular glu cose after 20 min of incubation. Similar results were observed in a previous study using stable neuro blastoma and glioma cell lines (Lange et a!., 1982) . This probably accounts for the low apparent Km for glucose utilization observed in NCB20 cells. A mea sured Km of 0.31 mM in NCB20 cells (Fig. 4) is lower than would be expected for a transport limited process, which should have had an apparent Km 10-20-fold greater, given a Km of GLUTl and GLUn of 4-10 mM (Keller et a!., 1989 ; Gould et a!., 1991; Colville et a!., 1993) . Nonetheless, the apparent Km is also almost an order of magnitude greater than would be expected if hexokinase I were totally rate-limiting (Weil-Malherbe and Bone, 1951; Fromm and Zewe, 1962 ; Katzen and Schimke, 1965) . This suggests phosphorylation of glucose was not totally rate-limiting, but that either glucose transport or diffusion barriers to glucose within cells did impede access of glucose to the hexokinase. Alternatively, the in situ affinity of hexokinase I for glucose may not correspond to that measured for the purified enzyme.
Another method for assessing the rate-limiting step involved the simultaneous measurement of glu cose efflux from and phosphorylation in glucose loaded cells (Fig. 5; Whitesell et a!., 1993) . This parallel measurement of both activities allows the relative rates of each to be compared, based on the assumption that the glucose transported out of the cell and the glucose undergoing phosphorylation are derived from the same intracellular pool. As was expected from previous studies comparing trans port and phosphorylation rates in other neuronal cells (Weil-Malherbe and Bone, 1951; Fromm and Zewe, 1962 ; Katzen and Schimke, 1965 ; Minna et a!., 1975 ; Lange et a!., 1982; Pardridge, 1983) , both NCB20 and DRG cells had rates of glucose efflux severalfold greater than rates of phosphorylation, even at extracellular glucose concentrations of 1 mM or less (Fig. 6) . This, and the fact that there was intracellular glucose in both cell types available for efflux, directly supports the rate-limiting nature of the glucose phosphorylation step. The low rate of glucose utilization in DRG cells compared to NCB20 cells might be a response to the preparative procedure, although this cell type has been previ ously shown to have low rates of overall glucose metabolism compared to those of other brain cell types (Lowry and Passonneau, 1964 ; Akabayashi and Kato, 1992) . One caveat should be noted with regard to the parallel assay of glucose efflux and phosphorylation: if rates of glucose influx and ef flux differ markedly (i.e., the transporter is asym metrical), the results in the parallel assay may not reflect the relative activities of transport and phos phorylation in the forward direction. In fact, human erythrocyte GLUTI is asymmetrical, and has higher Km and V max values for exit than the corre sponding values for entry (Lowe and Walmsley, 1986) . But, because of the Haldane relationship, in which V max/Km for entry must equal V max/Km for exit (Lowe and Walmsley, 1986) , effects of trans porter asymmetry can be minimized by using low glucose concentrations relative to the Km for trans port, as was done in these studies. Additionally, we found that, in the NCB20 cells, initial phosphoryla tion rates measured in the series assays were com parable to those measured in the parallel assays. This finding further suggests that influx of glucose did not limit its subsequent phosphorylation; other wise we should have observed lower phosphoryla tion rates in the series assay.
We studied the effects of veratridine on 3-0methylglucose efflux and glucose phosphorylation in the parallel assay and found a selective effect on glucose phosphorylation rather than on glucose transport (Fig. 7) . This agent had previously been shown to activate voltage-dependent sodium chan nels and hence glucose metabolism (Tamkun and Fambrough, 1986) . The results suggest that this type of assay may be useful for determining the site at which a metabolic stimulus has an effect. Our results suggest that the site at which veratridine ac celerates glucose metabolism is at or beyond the phosphorylation step and not at the transport step.
Many measurements of 2-deoxyglucose metabo lism in brain and neuronal tissue have been made on the assumption that it is a good surrogate for glu cose. Although this hexose shares transport and phosphorylation steps with glucose, it is not further metabolized in most cells. Compared to the natural substrate D-glucose, 2-deoxyglucose transport is fa vored over its phosphorylation. For example, the affinity of both GLUTl and GLUT3 for 2-deoxy glucose is at least twofold greater than for D-glu cose Colville et aI., 1993) , 2-deoxyglucose is not as good a substrate for hexo kinase I as glucose with Km values of 100 and 45 J Cereb Blood Flow Metab, Vol. 15, No.5, 1995 j.LM, respectively, and 2-deoxyglucose metabolism consumes rather than generates ATP (Sols and Crane, 1954) . With regard to the latter, ATP might become depleted at the 2-deoxyglucose concentra tions required for kinetic studies, resulting in de creased hexokinase activity. Another characteristic unique to 2-deoxyglucose is that its phosphorylated product, 2-deoxyglucose 6-phosphate, has a low af finity for hexokinase, and thus is not an efficient feedback inhibitor (Wick et aI., 1957) . Whereas this feature makes 2-deoxyglucose a useful agent for measuring its utilization over long periods of time, the other characteristics noted above make it diffi cult to distinguish between transport and phosphor ylation as the rate-determining step. In our study of the sequential transport and phosphorylation of 2-deoxyglucose in neuronal cells, another feature makes it virtually impossible to determine rates of overall glucose utilization with this sugar: it rapidly accumulated to concentrations several-fold greater than those in the medium over a range of extracel lular 2-deoxyglucose concentrations (Figs. 8, 9) . Similar accumulation of deoxyglucose against a concentration gradient has been reported for pri mate fibroblasts (Tsuboi and Petricciani, 1975) , rat adipocytes (Foley and Gliemann, 1981; Widdas et aI., 1989; Thompson and Kleinzeller, 1989b) , rat thymocytes (Naftalin and Rist, 1989) , and, most re cently, for preimplantation human and mouse em bryos (Chi et aI., 1993) . It is possible that intracel lular 2-deoxyglucose is sequestered by a membrane or diffusion barrier. The latter mechanism has been proposed to explain the accumulation of 2-deoxy glucose in adipocytes (Widdas et aI., 1989 ; Thomp son and Kleinzeller, 1989a) , as has direct coupling of transport and hexokinase via a common intracel lular binding site (Naftalin and Rist, 1989) . In liver and insulinoma cells the glucose 6-phosphate trans locase system mediated by the GLUT7 isoform transports glucose 6-phosphate into compartments in the endoplasmic reticulum, where it is dephos phorylated and trapped (Waddell et aI., 1992; Voice et aI., 1993) . However, we have no evidence for such a system in these neuronal cells. Such limita tions make it difficult to extrapolate results ob tained with 2-deoxyglucose to those expected with D-glucose.
Our results show that glucose phosphorylation, rather than transport, is rate-determining in neuro nal cells, but that the coupling between the two steps is complex. It appears that either intracellular glucose does not have ready access to hexokinase, or that hexokinase is feedback-inhibited. The former might reflect the presence of diffusion bar riers or compartmentation, which would produce
